In Crithidia fasciculata, a trypanosomatid protozoan, the large ribosomal subunit contains five small RNA species (e, f, g, 1, j_) 1n addition to 5S rRNA [Gray, M.W. (1981) Hoi. Cell, Biol.
INTRODUCTION
In Crithidia fasciculata, a trypanosomatid protozoan, the large ribosomal subunit contains five small RNA species besides 5S rRNA [1,2]. One of these, species i_, appears to be the analogue of 5.8S rRNA [3, 4] in other eukaryotes, but 1t migrates distinctly more slowly than conventional 5.8S rRNAs during electrophoresis 1n non-denaturing polyacrylamide gels [1] . We present here the complete primary sequence of species j_, which verifies that it 1s indeed a 5.8S rRNA homologue, although 1t is exceptionally large. We discuss the location and possible origin of the additional nucleotides in Crithidia 5.8S rRNA and comment on the evolutionary position of this molecule.
METHODS
Preparation of Uniabelled C. fasciculata 5.8S rRNA C. fasciculata total cellular RNA was fractionated by selective precipi-tation from 3 M NaCl [1] . The NaCl-insoluble RNA was dissolved at 10 mg/ml in the loading buffer of Peattie [5] , heated to 50°C for 5 min, and resolved 1n a 0.3 cm, 10% polyacrylamide slab gel containing a 2.5% stacker gel [6] . Small rRNAs [1] were visualized by ultraviolet shadowing and 5.8S rRNA (species i) was recovered by electrophoretic elution, as described [6] . and uniformly-32 P-labelled 5.8S rRNA was prepared from total cellular RNA, as above. The Np + Nm-Np + pNp products of alkaline (10 yl 1 M NaOH, room temperature, 90 h) or RNase T 2 (Sankyo; 0.5 unit in 10 yl 10 mM NH4COOCH3 (pH 4.5), 37°C, 16 h) hydrolysis and the pN + pNm products of snake venom phosphodiesterase hydrolysis [6] were subjected, together with unlabelled markers, to thin-layer chromatography (Merck glass-backed cellulose tic plates containing fluorescent indicator; isobutyric acid/0.5 M NH4OH, 5/3, in the first dimension, propan-2-ol/conc. HC1/H 2 O, 70/15/15, in the second; [10] ). In some experiments, an Nm-Np fraction was Isolated from alkaline or T 2 hydrolysates by chromatography on small columns of DEAE-cellulose [11, 12] . This fraction was subjected to two-dimensional tic either directly or following dephosphorylation. In the latter case, first dimension solvent was butan-1-ol/isobutyric acid/cone. NH 4 0H/H 2 0, 75/37.5/2.5/25 [13], 3X, followed in the second dimension by propan-2-ol/conc. HC1/H 2 O, 70/15/15, IX. Individual Nm-N's were eluted from the tic plate in 200 yl 0.6 M NH 4 0H, lyophilized, and hydrolyzed with snake venom phosphodiesterase. The resulting [ 32 P]pN's were identified by two-dimensional tic [6] .
RESULTS

End Groups
Hydrolysis of 5'-end-labelled C. fasciculate 5.8S rRNA with snake venom phosphodiesterase released most (>95%) of the radioactivity as pA, establish- 3'-terminal heterogeneity. End group analysis of the two species of 5.8S rRNA that could be resolved in 6% polyacrylamide gels showed that the longer species ended with C and the shorter with A.
Modified Nucleoside Constituents Various analyses indicated the presence of Am, Gm, Urn and f, at a level of 2, 1, 0.8, and 1 mol, respectively, per mol of C. faaciculata 5.8S rRNA. ?p, Am-Ap, Am-Gp, Gm-Cp and Um-Cp were identified among the products of either T 2 RNase hydrolysis or alkaline hydrolysis of uniformly-32 P-labelled 5.8S
rRNA. The Nm-Np's were also recovered as a separate fraction and were Identified by co-chromatography with authentic Nm-Np markers or with Nm-N markers following dephosphorylation. Each Nm-N was further characterized by venom phosphodiesterase hydrolysis and identification of the resulting [ 32 P]pN.
Venom phosphodiesterase hydrolysis of uniformly-32 P-labelled 5.8S rRNA yielded pAm, pUm and pf (pGm co-migrates with pC in the tic system used and so was not detected in this analysis).
Primary Sequence
The sequence of C. fasoiaulata 5.8S rRNA is shown in Fig. 1 . Virtually the entire sequence was obtained in each of three different ways: chemical degradation of 3'-end-labelled RNA (Fig. 2 and other data not shown due to space limitations); enzymic degradation of 3'-end-labelled RNA (not shown); and enzymic degradation of 5'-end-labened RNA (not shown). Very extensive overlapping provided confirmation of the sequence. Chemical sequencing revealed that the two separated 3'-end-labelled species were identical except for an extra 3'-terminal C in the slower-migrating one. Residues 70, 82, 86 Primary sequence of C. fasdculata 5.8S rRNA. The bracketed C residue at the 3'-end denotes heterogeneity at this terminus (see text).
Autoradiograma of sequencing gels of 3'-[ 32 P]pCp-labelled C. faeoioulata 5.8S rRNA. The RNA was subjected to partial chemical hydrolysis [5] as described [6] and the end-labelled products were separated in polyacrylamide slab gels, either 10Z (A) (run for 2.5 h, right, or 4.5 h, left, at 1500 V), or 20Z (B) (run for 1 h at 2500 V). Partial alkaline hydrolysis was carried out in 20 vl 0.15 M NH4OH at 90°C for 1.5 min (D.F. Spencer, personal communication), after which the sample was frozen at -70°C and lyophilized.
-A-170 -C and 107 appeared reproducibly as both C and G 1n chemical sequencing gels (Fig.  2) ; however, susceptibility to cleavage by pancreatic RNase indicated they are all C's.
Anomalies in the chemical and alkaline ladders served to localize the modified nucleoside constituents identified in hydrolysates of uniformly-32 Plabeiled 5.8S rRNA. Residue 69 appeared as a 0 In enzyme gels but gave a blank in chemical sequencing gels; also, the alkali band at this position was much fainter than normal (Fig. 2) . These are all features diagnostic of ¥ residues [5,6], and we therefore place the single ? residue in C. faasiaulata 5.8S rRNA at position 69. Residues 43, 75 and 163 had no corresponding bands in the alkali ladder (Fig. 2) , Indicating the presence of alkali-stable (presumably o 2 '-methylnucleos1de) residues at these positions. Considering the residues 3' to these positions and the results of Nm-Np analysis, we place Am at positions 43 (Am-Ap) and 163 (Am-Gp) and Gm at position 75 (Gm-Cp). Residue U7 (confirmed as such by chemical sequencing gels) gave a much weaker band in the alkali ladder than any of the neighboring residues. Since phosphodiesterase hydrolysis of un1formly-32 P-labelled 5.8S rRNA gave -\-0.8 mol pUm/mol 5.8S rRNA, and RNase T 2 digestion yielded M3.8 mol Um-Cp/mol, we Infer the presence of Urn at position 7 and conclude that C. fasaiculata 5.8S rRNA is incompletely (80X) o 2 '-methylated at this position.
DISCUSSION
Alignment with published 5.8S rRNA sequences (Fig. 3) clearly shows that C. faaciculata species j_ is a 5.8S rRNA, despite its exceptional length (171-172 nucleotides). Particularly notable regions of homology are two moderately long stretches (residues 38-46 and 102-108) that appear to be conserved in all 5.8S rRNAs; the former contains the G-A-A-C tetranucleotide that has been proposed to interact with the common G-T-f-C sequence in tRNA [19, 20] . The conserved G-G-A-U sequence that may be involved in the Interaction of 5.8S rRNA with the large subunit (25S-28S) rRNA [21] is also present in Crithidia 5.8S rRNA (positions 14-17).
Quantitative evaluation of sequence Identity (excluding the G+C-rich hairpin) indicates that C. faeoiaulata 5.8S rRNA is no more closely related to the 5.8S rRNA of another protozoan, Acanthamoeba caatellanii (87 Identities) than 1t is to representative 5.8S sequences from the other three eukaryotic kingdoms (82-94 identities). Thus, comparisons of 5.8S as well as 5S [22] sequences suggest that intrakingdom diversity among the protists 1s at least as great as interkingdom diversity among eukaryotes in general, rein- FIGURE 3. Alignment of 5.8S rRNA sequences, arranged for maximal homology in pairwise comparisons with a minimum number of assumed additions and deletions. Also included is the 5'-terminal sequence of E. coli 23S rRNA (residues 8-171). The symbols above each position denote residues totally conserved in the six 5.8S sequences and in the E. coli 23S sequence (•) and residues conserved in the six 5.8S sequences but not In the E. coli sequence (a). The highly variable "G+C-rich hairpin" (see Fig. 4 ) is not included in this alignment.
forcing the view [23] that the Kingdom Protista is evoiutionarily the most ancient and phylogenetically the most diverse of the eukaryotic kingdoms. Fig. 4 Illustrates that neither length nor primary sequence is very highly conserved in the G+C-r1ch hairpin region of diverse 5.8S rRNAs, although the potential for a substantial degree of base pairing is preserved. The extra nucleotides in Crithidia 5.8S rRNA are located in this region: its length is 34 nucleotides in Crithidia but only 22-27 nucleotides in other eukaryotes. It is noteworthy that in D. melanogaater [16] and S. ooprophila [24] , the 5.8S rRNA consists of two fragments (5.8Sa and 5.8Sb) that are joined non-covalently at the G+C-r1ch hairpin. This arrangement results from the excision (without subsequent splicing) of a short transcribed spacer that separates the 5.8Sa and 5.8Sb regions in the primary 5.8S transcript. Since the extra nucleotides in Crithidia 5.8S rRNA occur in the same region as the 4. Potential secondary structure in the "G+C-rich hairpin" region of the 5.8S rRNA sequences listed in Fig. 3 , and in the analogous region of E. ooli 23S rRNA. The arrows in the Drosophila 5.8S sequence indicate the cleavages that occur during 5.8S rRNA maturation and which result in removal of the transcribed spacer region [16] ; 5.8Sa and 5.8Sb refer to the 5'-and 3'-terminal pieces, respectively, which remain joined together by base pairing in the G+C-rich hairpin region. In the case of wheat, initial ambiguities in the sequence of this region [6] have recently been resolved [25] , and the revised version of the G+C-rich hairpin is shown above.
Droeophila and Sciara spacers, it is possible they represent vestiges of a transcribed but unexcised spacer. However, the putative Oithidia spacer is not obviously homologous with either the Drosophila or Soiara spacers, being neither as long nor as A+U-rich.
Our alignment of 5.8S rRNAs (Fig. 3) also includes the 5'-end of E. coli 23S rRNA, which Nazar [26] has recently postulated to be the structural analogue in prokaryotes of 5.8S rRNA. The alignment confirms that there is extensive homology between the 5'-end of E. coli 23S rRNA and a range of eukaryotic 5.8S rRNAs, although quantitatively the degree of homology (64-70 identities in pairwise comparisons) is significantly less than between any two 5.8S rRNAs (82-111 identities). Interestingly, a stable hairpin loop can be formed with that part of the E. ooli 23S rRNA sequence that is analogous to the G+C-rich hairpin region of 5.8S rRNA (Fig. 4) . These and additional observations made by Walker [27] fully support the suggestion made by Nazar [26] that in prokaryotic ribosomes, a 5.8S-I1ke structure is present at the 5'-end of the large subunit (23S) rRNA. data prior to publication. We are grateful to R.M. MacKay for a gift of unlabelled C. faacicv.la.ta 5.8S rRNA. This work was supported by a grant from the Medical Research Council of Canada to M.W.G.
